A cytological investigation of cell walls, lipid granules, metachromatic granules and chromatinic bodies of Nocardia rubra revealed that each of these structures existed as separable entities. Multicellularity was not observed, as indicated by the lack of septa in non-fragmenting organisms, but lipid inclusions were frequently found in close association with cell walls. Metachromatic granules were separable from lipid inclusions and were found to be homologous with electron opaque granules. No evidence for the origin of metachromatic granules as cytoplasmic condensations upon cell septa was found. Acid hydrolysis or ribonuclease treatment revealed Giemsa-staining Chromatinic structures which were removed by deoxyribonuclease digestion. Metachromatic granules were not removed by ribonuclease, deoxyribonuclease hydrolysis or a combination of both, but these granules were removed by acid hydrolysis.
INTRODUCTION
In recent years several investigators have studied the cytology of members of the genus Nocardia (Bisset tk Moore, 1949; McClung, 1950; Morris, 1951; Webb, Clark & Chance, 1954; Webb & Clark, 1957; Hagedorn, 1959a, b) . Although their studies have been extensive, frequently the findings of these authors have been conflicting. The present investigations were initiated to augment knowledge of this group and to attempt to consolidate the different hypotheses which have been advanced about the cytology of the genus.
METHODS
Nocardia rubra received as Proactinomyces ruber (Casabb) Bald, from the Centraalbureau voor Schimmel cultures) Bacillus megaterium, and B. subtilis from the stock culture collection of the University of Georgia, were used in these studies. The organisms were routinely maintained on Difco nutrient agar slopes, and transferred a t appropriate intervals prior to the manipulations which will be described below.
CeZZ-wall staining. The cell-wall staining techniques of Robinow (1945), Wel-1 yo (w/v) aqueous crystal violet used in the unmodified technique.
The staining method devised by Smith (1950) , eliminating formaldehyde mordanting, in which 0.3 yo (w/v) aqueous basic fuchsin served as the chromatin stain was used in preliminary experiments with osmium-fixed impression smears of Nocardia rubra. The effects of different pH values of staining reagent were studied by preparing 0.3 yo (w/v) basic fuchsin in 0-1 N-N~,HPO, + KH,PO, at pH 5.5, 5.9, 6-8 and 7.9 and substituting these dye solutions for the aqueous solution originally recommended. Periods of hydrolysis in N-HC~ a t 60' were from 2 to 10 min. and the effects of these variations were observed after staining with 0.3 yo (w/v) aqueous basic fuchsin.
The following modification of Robinow's (1945) Giemsa chromatin staining technique was used as a basis for study. Impression smears of Nocardia rubra, fixed through the agar with osmium tetroxide vapours, were prepared, the organisms treated for 10 min. in Y-HCl a t 60°, washed in tap water, then distilled water. The smear was then stained in a solution of 1 part Giemsa stock solution to 10 parts tap water for 30 min. a t room temperature, mounted in distilled water under a coverslip, sealed with parailin and examined.
Modifications of Robinow's technique were attempted and determinations of optimum staining times were carried out by varying the periods of staining at room temperatures from 5 to 30 min. Smears which were stained and mounted under a coverslip in distilled water were conipared to those which were stained and observed directly. The effects of treatment with HC1 for 2 to 10 min. were determined as described above. The effects of ribonuclease digestion were determined according to the methods of Tulasne & Vendrely (1947) : osmium-fixed impression smears were digested in situ with 0.02 yo (w,/v) ribonuclease in 0.1 iu-Na,HPO, + KH,PO, (pH 7.0) at 55" for 15 min. and stained in a 1/10 dilution of Giemsa's stock solution in tap water for 5 min. The preparation was then washed in distilled water, blotted, and observed directly. The effects of deoxyribonuclease were determined by digesting an osmium tetroxide-fixet 1 preparation in 0.02 yo (w/v) deoxyribonuclease dissolved in the buffer described above, at 55" for 15 min. These were stained and examined in the manner already dwcribed.
Metachromatic granule staining. Heat-fixed impressions of Nocardia rubra were stained for metachromatic granules with Loeffler's methylene blue (Society of American Bacteriologists, 1957) for 1.5 min. The preparation was then washed with distilled water, blotted and examined. A modification of this technique was used in which 0.25 yo (w/v) methylene blue adjusted to pH 3.1, 4-9, 7.1 or 8.3 with 0 . 0 4~-Na,HPO, was substituted for LoeAler's methylene blue. Mudd's ( 1953) technique was also used for the demonstration of these granules.
The effects of hydrolysis in N-HC~ a t 60" for 6 min. on the appearance of metachromatic granules in Nocardia mbra were observed by staining hydrolyzed organisms with methylene blue a t pH3.1 or with 0*5y0 (w/v) aqueous Azure A substituted in the method described above. The effects of ribonuclease and deoxy-
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ribonuclease digestion on the appearance of metachromatic granules in N . rubra were observed by digesting organisms as already described and staining with methylene blue at pH 3.1. Lipid staining. Heat-fixed impression smears of Nocardia rubra were stained according to Burdon's (1946) Sudan Black B method; this technique was modified by omitting the counterstain. The lipid-staining method of Clark & Aldridge (1960) was also used.
The effects of lipase digestion of heat-fixed impression preparations were also studied. These experiments were conducted by subjecting Nocardia rubra to digestion with a 0.01 % (w/v) solution of lipase in 0.1 M-Na,HPO, + KH,PO, (pH 7-0) at room temperatures for 15 and 30min. periods. The preparations were then stained by the modified Burdon technique and examined for the presence of lipid inclusions.
Successive stainiug. Two successive staining techniques similar to those of Tronnier (1953) and Knaysi (1955a Knaysi ( , b, 1959 , were used in the present work. The first method may be more readily described as counterstaining rather than successive staining; this method for the differentiation of lipid inclusions from metachromatic granules was carried out as follows : a heat-fixed impression smear of Nocardia rubru was stained by the modified Burdon technique. A counterstain was then used by treating with Azure A to reveal metachromatic granules. After treating the smear with both staining reagents, the slide was washed in distilled water, blotted and examined. This method allowed simultaneous demonstration of lipid inclusions and metachromatic granules. A second more complex method for successive staining was done as follows: an osmium-fixed impression was prepared in the usual way and stained with one of the previously described stains (e.g. Azure A for metachromatic granules). The slide was observed under oil, representative fields located and mechanical stage settings recorded; sketches of the field under observation also aided a return to the same field. Such fields were then photographed. The immersion oil was then removed with xylene, which also partially decolorized the preparation.
Further decolorization was carried out with 95 yo (v/v) ethanol in water until no more colour was removed. The slide was then washed in copious quantities of water and, after drying, restained by one of the methods described above (e.g. Burdon's modified lipid-staining technique) ;the fields which had previously been photographed were again located. After re-examination and re-photographing, the preparation could again be decolorized, after which staining for a third or fourth time was possible. Although the sequence of staining techniques applied to a single preparation was theoretically unlimited, practical considerations led to definite sequences which had to be used. Acid hydrolysis, as used in the chromatin-staining procedures, partially destroyed cellular integrity, and consequently was limited to the last place in a successively-stained sequence. Likewise, mordanting in 10 yo (w/v) tannic acid for 30 min., as used in cell-wall staining techniques, affected the staining affinity of the organism, hence cell-wall staining was usually relegated to the last or next to last position of a sequence. However, sometimes cell-wall staining had to be done first in a sequence.
Microphotography. Electron microscopy. Nutrient agar slope cultures of Nocardia rubra were incubated for 5 hr. The organisnis were removed from the slope, suspended in distilled water and a drop of suspension placed on a copper-grid supported collodion membrane. After the drop had dried the organisms on the surface of the membrane were washed with distilled water, re-dried and shadow-cast with platinum + palladium. Some preparations were treated for 2.5 min. in N-HC~ at 60' and washed three times in distilled water before placing them on the collodion membrane for observation with the RCA EMIJ-2 electron microscope.
RESULTS
The cell-wall staining methods3 of Robinow (1945), Welshimer & Robinow (1949) and Webb (1954) were all found to be suitable for the demonstration of the cell walls of Bacillus megaterium, but only 'Webb's technique resulted in the consistent demonstration of cell walls and septa in young (Pl. 1, fig. 1 ) and old (Pl. 1, fig. 2 ) Nocardia rubra preparations. In the present investigations several methods were used to locate and differentiate metachromatic granules from other inclusions of N . rubra. Successive staining techniques were most fruitful in these respects. The location of septa and metachromatic granules was found to differ when a comparison was made of organisms stained for metachi-omatic granules with Azure A (Pl. 1, fig. 3 ), and decolorized and restained for cell walls (Pl. 1, fig. 4 ). The 'septa' seen at the arrows in P1. 1, fig. 4 , are metachromatic granules which stained bright-red and were incompletely decolorized with the xylene + ethanol treatment; in contrast, septa (Pl. fig. 2 ) always stained a bright purple colour. In organisms successively stained for metachromatic granules and lipid inclusions (PI. 1, figs. 5, 6) it was evident that metachromatic granules were not composed of lipids but that structures stained by these two methods could be closely associated. The counterstaining of Sudan Black B stained cells with Azure A confirmed their close, but separable, association.
1,
Metachromatic granules, stained brightly with methylene blue at pH 3.1, against a contrasting lightly-stained cytoplasm are shown in PI. 2 fig. 9 . When using methylene blue reagent at various pH values, it was found that, as the pH value increased the cytoplasm stained more intensely, until a t pH 8.3 (Pl. 2,  fig. 10 ) metachromatic granules were undifferentiated or differentiated only slightly from the cytoplasm. Thus the pH value effects accounted for the poor differentiation of metachromatic granules observed when staining with Loeffler's methylene blue. The granules which stained with ,methylene blue a t pH 3.1 were not removed by digestion with ribonuclease (Pl. 2, fig. 11 ) or by deoxyribonuclease (PI. 2, fig. 12) ; but acid treatment removed them completely.
Electron opaque granules (Pl. 1, fig. 7 ) observed in young organisms were located in similar positions and were of the same form as the granules which were seen when metachromatic granules were stained in young organisms. Further evidence for the homology of electron opaque granules with metachromatic ones resulted from the removal of electron opaque granules by hydrolysis with N-HCl for 2.5 min. (PI. 1, fig. 8 ).
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Chance's (1952), Smith's (1950) fig. 15 ) contained single chromatinic structures in cell portions from which germ tubes originated but organisms from an 18 hr. culture (PI. 3, fig. 16 ) contained chromatinic bodies throughout the filament length. Similar results were obtained when Hucker's crystal violet or 0.5% (wfv) aqueous crystal violet were used. When Azure A was substituted for crystal violet in Chance's (1952) procedure, distinct bright-red staining granules (Pl. 3, fig. 17) were distributed a t some distance from each other along the filament length, suggesting that Azure A did not stain chromatinic bodies but metachromatic granules by this procedure. Evidence for homology of chromatinic bodies stained by the unmodified procedure of Chance with metachromatic granules demonstrated by means of Azure A staining can be seen in organisms stained successively for these structures in P1. 3, figs. 18 and 19, respectively. From these figures it is obvious that crystal violet non-differentially stained metachromatic granules which were then not distinguishable from similarly stained chromatinic structures. Additional evidence for the non-specificity of the crystal violet nuclear staining technique for chromatinic bodies of N . rubra is shown in the following observations. Chromatinic structures were revealed in germ tube segments of young organisms (PI. 3, fig. 20 ) stained by Smith's (1950) or Robinow's (1945) techniques (Pl. 3, fig. 21 ). Chromatinic structures of germ tubes of germinating cells were not visible, however, in preparations stained by Chance's method (PI. 3, fig. 15 ).
The modified technique of Smith (1950) was effective for the demonstration of distinct chromatinic structures in old non-germinating cells of Nocardia rubra. Chromatinic structures in organisms from cultures older than 3 days stained without appreciable differences when subjected to periods of acid treatment ranging from 2 to 7 min. However, both the pH value of the staining solution and the duration of hydrolysis preceding application of the stain affected the affinity for the stain of germ-tube chromatinic structures. The affinity of the chromatinic structures of the germ tube portions of the organisms varied inversely with the time of acid treatment and with decrease of pH value. As the hydrolytic period increased from 2 to 10 min. the affinity of the germ tube chromatinic bodies decreased. As the pH value changed discontinuously (see methods) from 5.5 to 6-7, their staining affinity increased; it remained constant when tested a t pH 6.7 and 7.5. Optimum staining of the germ tube bodies was obtained when organisms were heated for 5 min. and stained at pH 6.7 (Pl. 3, fig. 20) . However, as the age of the cultures increased to 15-20 hr., the staining affinity of chromatinic structures changed in relation to the duration of acid treatment; 2.5 min. was about optimum. These findings lend further support to the observed differences between staining affinities of germ-tube chromatinic structures and chromatinic structures in mature hyphae when stained by Chance's technique (compare P1. 3,  figs. 15-20) .
The method of Robinow (1945) was found to be only applicable to Nocardia rubra when osmium tetroxide-fixed impressions were observed directly. Mounting in water sealed under a coverslip decreased the definition of chromatinic structures of Giemsa-stained preparation as compared to unmounted preparations, thus con-J. N. ADAMS and N. M. MCCLUNG firming similar observations o n several organisms by Cassel (1951). Nevertheless, water mounting was found to be quite suitable for Bacillus subtilis.
The length of the periods oft reatment with N-HC1 was found to affect only slightly the definition and affinity of chromatinic structures of Nocardia rubra cells for Giemsa's solution. Periods of treatment from 2 to 10 min. were satisfactory for demonstrating these structure s; 6 min. was optimum. Duration of the periods of immersion of the preparations in dilute Giemsa's solution also affected the definition of chromatinic structures. We found that a staining period of 5 min. a t room temperature was optimum for N . rubra, while Robinow's (1945) original procedure was satisfactory with Bacillus subtilis.
While the acid-hydrolysis Giemsa technique is one generally accepted for the demonstration of chromatinic structures of bacteria (Robinow, 1956) conflictingreports about the nuclear elements of members of the genus Nocardia (Morris, Hagedorn, 1959a , b ) dictated a re-evaluation of the specificity of this method as applied to Nocardia rubra. Osmium tetroxide-fixed impression smears of this organism, stained without pre\.-ious acid or other treatment with Giemsa's solution, were found to have a medium to dark-blue stained cytoplasm interspersed with bright-red stained granules. Such untreated organisms appeared much like those stained for metachromatic granules with Azure A. Treatment with ribonuclease before staining with Giemsa's solution resulted in organisms like those shown in P1. 2, fig. 13 . Although dark-blue stained chromatinic bodies became visible as a result of ribonuclease digestion, the bright-red stained metachromatic granules were not affected. Deoxyribonuclease treated organisms contained lightly staining bands such as those seen a t A in P1. 2, fig. 14, but also contained bright-red staining bodies such as those seen at B. When treated with ribonuclease and deoxyribonuclease, the organisms stained with a mottled appearance, with no obvious separation of distinct granules other than tl ie metachromatic granules which stained bright red. Organisms stained successive1.y for metachromatic granules with Azure A (Pl. 3 , fig. 23 ) and chromatinic bodies (Pl. 3, fig. 24 ) by Robinow's technique, offered further evidence that the metachromatic granules and chromatinic bodies were not homologous. Bright-red metachromatic granules visible after Azure A staining, as shown at the arrows in P1.3, fig. 23 , were not observed a t identical sites in Giemsastained preparations of the same organisms; see arrows in PI. 3, fig. 24 . Furthermore, bright-red granules were not visible after the application of Giemsa's solution ; only chromatinic bodies which stained dark blue against very light blue cytoplasni were seen in acid-treated Gierrtsa-stained preparations.
Lipid inclusions in Nocardia rubra were readily observed by means of the modified Burdon technique (PI. 1, fig. 6 ) but the counterstain used in the unmodified technique sometimes masked small lipid granules. Preparations stained successively for metachromatic granules and lipid inclusions (PI. l , figs. 5 , 6 ) indicated that, although these two kinds of structures may be closely associated, they were separable entities, The apparent diameter of organisms stained for lipid inclusions compared with those stained for cell walls suggested that these structures were closely associated. In preparations stained by the method of Clark & Aldridge (isso), lipid inclusions were contrasted sharply against the nig-rosin background (PI. 1 , fig. 6 a ) but when a comparison was made between nigrosin-decolorized organisms and non-decolorized Nocardia rubra inclusion bodies 237 organisms in the same field, it was evident that many lipid granules were completely or partially decolorized as a result of the action of nigrosin. Lipase digestion under the conditions used in these experiments did not affect the affinity of these granules for Sudan Black B.
DISCUSS ION
As early as 1898 Lachner-Sandoval described fragmentation of actinomycetes following septation. It was later reported by Lieske (1921) that fragmentation occurred after separation of the protoplasm, without prior septation, after which individuals separated. More recently (Bisset & Moore, 1949 ; McClung, 1950 ) the problem of the existence of septa in the actinomycetes and the genus Nocardia in particular, has been re-examined. Bisset & Moore (1949) reported that multicellularity was a characteristic of the genus Nocardia, but McClung (1950) was unable to demonstrate septa in N . rubra by means of Dyar's (1947) cell-wall staining technique. He later observed, by phase microscopy, that septum formation preceded fragmentation of N . rubra (McClung, 1955) Many investigators have discussed the deeply-staining granules of an unknown nature present in actinomycetes. Neukirch (1902) reported that strongly refractive granules could be stained with dilute solutions of methylene blue. Gilbert (1904), however, did not confirm the presence of such granules. Drechsler (1919) and Lieske (1921) observed in actinomycetes refractive granules which the former described as occluded wastes and the latter as nuclei. Lieske (1921) speculated whether there might be two types of methylene-blue staining granules, the first nuclear and the second, which appeared frequently at the apical tips of growing hyphae, as reserve materials such as volutin. Von Plotho (1948) was unable to demonstrate methylene-blue staining granules before acid hydrolysis in 5 day coccoids of Nocardia rubra, but McClung (1950) clearly established their presence by using different basic aniline dyes. The present studies have indicated a possible solution to the questions raised by the foregoing authors about the nature of these granules. We have shown that the manifestation of metachromatic granules with methylene blue is dependent upon the pH value of the solution used. Earlier workers did not indicate that the pH value of the staining reagent was taken into consideration and it seems likely that this factor was responsible for the conflicting results which have been previously reported.
Electron-opaque granules, designated type ' A ' by McClung (1956), were observed in the present studies. Winkler (1953) who used a technique in which the same organisms were observed successively in the light-microscope and in the electronmicroscope, found that electron-opaque granules of a bacillus were homologous with the metachromatic granules. By using a similar technique, Glauert & Brieger J. N. ADAMS AND N. M. MCCLUNG (1955) found that the electro'n opaque granules of Mycobacterium phlei were identical with the metachromatic granules observed by light microscopy, but were not analogous with nuclei seen when the HCI-Giemsa technique was used. Oiwa (1960) reported that the acid-€ast granules and electron opaque granules of M . avium appeared identical when studied by this technique. The location and hydrolyzable nature of the electron-opaque bodies of Nocardia rubra indicated that they were not nuclear in nature but similar to the electron-opaque inclusions described by the above authors and as volutin by Grula, Weaver & Edwards (1954) in Caulobacter. Lieske (1921) suggested that some of the deeply-staining granules present in actinomycetes were the result of cytoplasmic condensations ; this idea was promulgated by Bisset (1952, 1953) who suggested that septa are sites of such condensations. The present successive-staining studies have negated the plausibility of such an explanation at least for N . rubra. The close proximity of cell walls and electron-opaque granules in this organism was shown in electron micrographs previously published by the authors (Adams & McClung, 1960) .
The problem of the nucleus of actinomycetes has received attention through the years. Grigorakis (1931) reported amitotically dividing nuclei in Actinomyces bovis. (McClung, 1953 , unpublished data) Feulgen-positive bodies were observed. Hagedorn (1959 a) reported that Feulgen-positive bodies could be found in Nocardia corallina.
The results of workers who used techniques other than the Feulgen reaction have not been so contradictory in demonstrating the presence of nuclear materials in organisms of the genus Nocardia. With the electron microscope McClung (1950) observed two types of granules present in N . rubra grown on nitrogen-deficient medium. He postulated that one of these structures was nuclear in nature, but he was unable to differentiate chromatinic bodies from metachromatic granules on the basis of concurrent light microscope observations of stained organisms. However, he did find that the solubilities of certain of these granules observed in stained preparations precluded the deduction of the homology of these granules with volutin. Webb et al. (1954) observed discrete nuclei in N . corallina, and in further studies (Webb & Clark, 1957) indicated that a complex developmental cycle existed, involving fragmentation and rearrangement of the nuclear apparatus of the organism. Hagedorn (1959 a) objected to certain of their interpretations and suggested that inadequacies inherent in the crystal-violet nuclear-staining technique which they used accounted for faulty conclusions. In contrast, Hagedorn (1959a, b) described amitotically-dividing spherical to ovoid nuclei which were observed in ultrathin sections of N . corallina. Since we have shown that the crystal-violet staining technique may non-differentially stain metachomatic granules and may not stain chromatinic bodies demonstrable by other more specific means (e.g. Smith's or Robinow's techniques) our studies tend to confirm the suggestions of Hagedorn  (1959a, b) Hagedorn (1959a, b) and ourselves, appear to be somewhat uncertain. However, Morris (1951) described a complex life cycle for members of the genus Nocardia in which complex nuclear reorganizations were observed by the acid Giemsa technique. Although we have not attempted to remove inclusion bodies of N . rubra stained by this technique and subject them to chemical analysis, the specificity of enzyme digestion and the resultant appearance of organisms after ribonuclease and deoxyribonuclease digestion strongly suggests that they are, in fact, composed primarily of deoxyribonucleic acid. Since genetic analysis of ploidy of members of the genus Nocardia has not yet been undertaken, it would appear advisable that further work should be done to determine more fully the role of the chromatinic structures during the developmental cycles of members of the genus Nocardia.
Parts of this study were taken from a dissertation submitted to the Graduate Faculty of the University of Georgia in partial fulfilment of the requirements for the degree of Doctor of Philosophy by JNA. figure. Fig. 3 . Azure A stain. Fig. 4 . Organism shown in Fig. 3 , Webb's cell-wall stain.
Figs. 5, 6. Organisms from 18 hr. culture stained successively for metachromatic granules and lipid inclusions. Fig. 5 . Azure A stain. Pig. 6. Same organism as shown in Fig. 5 , stained for lipid inclusions. Modified Biirdon technique. 
PLATE 2
Figs. 9-14. Organisms from 18 hr. cultures. figure. Fig. 18 . Unmodified Chance's nuclear stain. Fig. 19 . Same organism as shown in Fig. 18 , stained for metachromatic granules, Azure A stain. Figs. 21, 22. Organisms stained using Robinow's acid Giemsa technique. Fig. 21 . Germinating organisms from 5 hr. culture. 
